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~~~~~~~u A~T~!Miw 0 'i1rophil activation by specific stimuli is associated with an increased enzymatic
addition of tyrosine to tubulin ax-subunits. This increased tyrosine uptake into tubulin in activated
neutrophils reflects an increase in the proportion of cellular tubulin which is tyrosinated rather than simply
an increase in the turnover of tyrosinated subunits. The increased accumulation of tyrosinated tubulin was
also found to follow an initial depletion of tyrosinated tubulin and concomitant increase in dletvrosinated
tubulin following stimulation of neutrophils with fMLF. These rapid changes in the relative 'content of
tubulin isoforms in the cells were not associated with the formation or disappearance of' microtubule
microdomains composed of only one form of tubulin. Under conditions of fMLF-stimulated e\ocvtosis there is
an increased binding of neutrophil granules to endlogenous microtubules. Since neutrophil activation by f\1LF
is associated with increased tyrosination of a1-tubulin subunits, -apid changes in the levels of tvroe'inated
tubulin in the microtubules of activated neutrophils might have a role in the regulation of granule-
microtubule interactions. When the binding of purified neutrophil granules to reconstituted rat brain
rnicrotubules containing approximately 50% tyrosinated tubulin was compared with granulle binding to
microtubules that contained no detectable tyrosinated tuhulin, granule-microtubule associations. were favored
by detyrosinated vs. tyrosinated tubulin. These findings indicate that interactions between cvtoplasmic
granules and microtubules in activated neutrophils may be modulatedby rapid -hang~s in the rel4
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Neutrophil activation by specific stimuli, such ax the oligopeptide (henlotaot( t,.

factor tMet-Leu-Phe (fMLF), is associattx wNith an increased enzymati( addition a1t ,

tyrosine to tubulin af-subunits, as measured bv "'C tyrosine uptake In %tudic e v,

using immunoblots we have found that this increased tyrosne uptake into tubulin
in activated neutrophils reflects an inc rease in the profx)rtion of (ellul-ir tubulin
that is tyrosinated rather than simply an increase in the turnover of tvrosnated
subunits. However, the increased accumulation of tvrosinated tubulin was also
found to follow an initial depletion of tyrosinated tubulin and concomitant in- Ago

crease in detyrosinated tubulin between t) and 60 sec following stimulation of

neutrophils with fMLF. Immunogold electron microscopy studies of intact micro- ,-.,_
tubules recovered from activated neutrophils demonstrated that these rapid C_
changes in the relative content of tubulin isoforms in the cells were not associated Jim
with the formation or disappearance of microtubule microdomains composed of v
only one form of tubulin. Previously, we have shown that under condition, of 21 f

fMLF-stimulated exocytosis there is an increased binding of neutrophil granules
to endogenous microtubules. Since neutrophil activation by fMLF is associated
with increased tyrosination of a-tubulin subunits, we speculated that rapid
changes in the levels of tyrosinated tubulin in the microtubules of activated
neutrophils might have a role in the regulation of granule-microtubule interac-
tions. When the binding of purified neutrophil granules to reconstituted rat brain
microtubules containing approximately 50% tyrosinated tubufin was measured by
electron microscopy and compared with granule binding to microtubules that
contained no detectable tyrosinated tubulin, granule-microtubule asso(tation,
were found to be significantly favored by detyrosinated vs. tvrosinated tubulin.
These findings indicate that interactions between cytoplasmic granules and micro-
tubules in activated neutrophils may be modulated by rapid changes in the rela-
tive content of detyrosinated and tyrosinated tubulin in the microtubule network
of the cells. 'Jý 199 3 Wilev-Ls•. In(.

Granule mobilization and degranulation are impor- It is well known that tubulin, the major component of
tant aspects of neutrophil function in acute inflamma- microtubules, can exist in multiple isoforms in the
tion and host-defense against microbial infection same cell through the expression of a variety of differ-
(Wright, 1982). There is compelling evidence from stud- ent tubulin genes and posttranslational modifications
ies carried out over several decades that microtubules of the protein (Cleveland and Sullivan, 19851. It has
have a role in the translocation of cytoplasmic granules been suggested that each isoform may subserve distinct
to the plasma membrane of activated neutrophils and functions (Fulton and Simpson, 1976; Stephens, 19781.
to phagosomes within these cells (Bessis and Loquin, However, various studies have failed to provide defi-
1950; Malawista and Bensch, 1967; Malawista, 1971; nite support for this hypothesis (Lewis et al.. 1987, Lo-
Hoffstein et al., 1976; Hoffstein et al., 1977). Moreover, pata and Cleveland, 1987). Nonetheless, tubulin iso-
studies of vesicle movement in other types of cells have forms have not been examined rigorously with respect
emphasized the importance of microtubules in organiz- to their ability to support organelle-microtubule inter-
ing and facilitating the translocation of cytoplasmic actions. Hence the possibility remains that post-trans-
organelles (Allen et al., 1985; Hollenbeck and Swanson, lational modifications of tubulin, e.g., the addition of
1990; Schnapp et al., 1985; Swanson et al., 1987; Tooze acetyl (L'Hernault and Rosenbaum, 1983). tyrosine
and Burke, 1987). Recently, we have shown that cyto-
plasmic granules interact with microtubules in human
neutrophils in a regulated, stimulus-responsive man-
ner and that these interactions involve microtubule-
associated ATPases as shown in other types of cells Received December 24, 1991; accepted October 28, 1992.
(Rothwell et al., 1989). *To whom reprint requestsvcorrespondence should be addressed.
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IRaybin and Flavin, 1977b) and glutamvlý I EdPde et atl. Preparation of microttlbule pr-otein and
1990) residues to the it-tubulin subunit or the phosphor- miterotubules
ylation of 0-tubulin JGard and Kirschner, 19851, could bt'iiniro ra bran -Lit V,3oý ltdb\th
affect cellular functions such as organietle t rimnsoca- niethod of I lent Icr etill ah1 1 ttir- vt al . 1975, Ill I') I X
tjon. Pipes~ buitfer uontainingtl I mM -I __ >' ý2 riiM FA;lA.I

In neutrophi Is. granule mobilizationi and degrano iai- nm% 61( 1, and - %1 givccn ~ol.Tub(I1I %in S [All pu id 1 ii
tion are highly regulated events that occur explosivelv riuwisoitt(ltin1;ior-cncdi
when the cells are activated by phlogistic or philgoc-vtrc wianan p-ticello-
stimuli (Rothwell e t al. 1989: Wright et akl .. I 77' lit oorahl usin atIh~iandit Prcse I ro I yl

Wright and Galltin. 1979; Wright and Nlalawita, 19 6-11 (11 1f i1 iroto 0 al I Mi' al-ld prouvandd I I-er..la pro co.

Studies described in this repor t were directed at defin- otntrse bl, %' iiivih ore torvv an d iruntccrb ' vbunits tol
ing biochemical modif ications to the mnicrotubule tiet- ustated order t reioe assnbl tuh' %a, Inctv sub MNa
work of'stimulated ncutrophils tliat might aIMled Stimo11.- pipes- at pht 6i.91~ coti i'111!rw* 11
[us-responsive interactions~ between granules, and an m poiitd with -Y 1 gitvofM Mutl-. 1ft' mMbl
microtubuies. We focused in particular on the enz,- was concentrated 1 oveii gpopoe t Ym~-
matic addition of tyrosine to the carboxv terminus "t' butin ino- \1 10 Pie i 69I-cor " .N1( NM g{ I1
the u-subunit ')f tubutin Itubulin tvrousination; it;( I fim (; ,I'll and '201, glYcerol t- dmaont ing and resus'
termed tubulin tyrosinolationi. It has been reporte d pending ait 2-:1 mg nil in atssemibt\ bulffet as dt-si rihed
previously by Nath and Gatlin 41982) that a posttrans above NMl'' were the-n ponlinc r izvd Irilom tho pr-otein
lational tyrosination of the xr-subunit oftuhufin occur prepairat ion av 4i statbilized w~ith 1i 5 [t X tatxol gift of
in neutrophils following activation in these cells by th Dri %`en Naravyana n - )rug Syntiihesis aid Chemist rY
chemotactic peptide fMl.F. Our present studies demon- Dhivision, NCI, Bethesda, N11). iadded for 24)-nirn incu-
strate that the levels of tyrosinated tubulin in nieutro-hto t:7Ct tblz I o rnl ncato
phils undergo large variations, in activated cells with s tuiesa-7Uosailz Vfr~ oueitrc o
an initial decline in the amount of tyrosinated tubutin 1)et~vrosinated tubtmlin was5 prepared fromi pho.-pho-
during the first minute following stimulation with cetlu1lrse-pur fied rat brain tubutin using crmivrp
fMLF followed by a rapid increase in tyrosinated tubu- dieAcnuae oaaos ed.Teezm a
tin to levels that equal or exceed those observed in washed three t inies in 0.1 mM lLi( 1 in 101) nmM% PilpA's
resting cells. In addition, we show that the degree of and added to the tubulin at 0,51 nil I ubutmn 12 :1inrg
tubulin tyrosination in microtubule.s; affects the bind- mul. The mixture was incubated at :17 C f'or 10 nun.
ing of isolated neutrophit granules to microtubules in Cooled to 5 C to de~polTvmerm-z'. anly nitcrotubules that
vitro. max' have stai-ted to polymierize and cenA-Itrifued twice

at i ()000,g to remiove the beads. The detyrosinated to-
MATERIALS AND METHODS bulin was porlymeri-zed as, above for granule binding
Isolation of humani neutrophits tde.

Neutrophiis were isolated from the venous blood of' Preparation of Neutrophils for SD)SPIAGE
healthy volunteers by centrifugation through Ficoll-
Paque lPharmacia Inc.. Piscataway, NJ), followed by Purified human neutrophils, were suspended in
dextrari sedimentation and the removal of residual red Hanks' balanced Salt solution 41-IBSSi containing 1 25
blood cells by hypotonic lysis as described previously' mM MgCl , and 1.25 mMN CaCI. I mM PMNSF. 0 1 mMN.
(Boyum. 1968; Wright and Gatlin, 1979). These neutr(;- leupleptin, and 0. 1 ýLg ml aprotiniri were added to in-
phil isolates ( ;-96'ý, pure) were resuspended in Hanks' hibit proteolYsis. Aliquots of neutrophits t11 pho viw\ere
balanced salt solution without calcium or magnesium. stimulated by adding I pA 10 AlM (AvYIFfinial conicen-

tration of 10 'M fTiILY._ At 5. v0. 60, 9o, and 120 sec
time points. 30 1.1. boiling sample bufferr 'ontain ing (4.2

Isolation of neutrophil granules M Tris. pH1 7.0. 20'( 81)8. 5 MI 1i-mei-captoethanol. and
Neutrophils were suspended in a Pipes bufferi 110 mM 201g. glyceroll weie added to the cells. The sanmple waý;s

Pipes, pH 6.9, 100 mM KCl, 3 mM NaCl, I mM phenyl- then sonicatect 2 -10,sec and placed on ice. Unistiniu-
methyl sulfonylfluoride (PMSF), 0. 1 mM leupeptin. 0.1 lated cell samnples were processed in parallel for, ,onl-
jig/mI aprotinin (Taylor et al., 1973)1 containing Imki trots. Before electrophoresis. the samples were boiled

* ATP. The cells were-either sonicated 3 times for 10 sec again. At this point the samples now contained the
or subjected to 400 psi nitrogen at 4`C in a Kontes total tubutin content of the cells derived f-inm both the
mini-bomb (Kontes Glass Co., Vineland, NJ) to disrup 1. microtubules and the subuniit pool in at donatured formn

* the cells by nitrogen cavitation (Borregarrd et at., htcudb rbdb mooltig
1983). Cell sonicates or cavitates were then centrifuged Poeue o D-A; n mucbotn
at 1,000g for 10 min to remove residual intact cells and PredesfrS)-AEadi unhttg
nuclci 4Rothwell et at., 1989). Cavitates from human Conditions for 81)8-,-PAGE were ats previouslY de-
neutrophils (2-5 / 10 cells), prepared as above, were scribed by' Murph 'y and Walti,; 4 MilrphY and Wafllis.
applied to a Sepharose 6B )Pharmacia-LKB B~iotechnol- 1983). Proteins were Fractionated on 10'e acr 'vlaoide
ogy) column (2 x. 25 cm) and eluted with 100 miM Pipes flATI) NN'ialtrrdr de4gels. pit 8.8. or on
buffer containing 1 mM MgSO.1 and 1 mM EGTA 10-151f gradient iPhasts ' stemi gel~s flKB-Pharmiacia,
(PEML. A mixed granule population efuted with the Piscatawa ' . NJ 4 and transferred to nitrocellulose paper
void volume ahead of the soluble cytosolic proteins. 1Towbin et at-. 19791. The papers wvere then incubated
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in solutions containing antijbody sp~ecific for diffelrenit All MT anud gintii e., in ..elected grid ~ ar~wl
isotypes of tubulin. Total tubulin was aisssewd with mL *i.-Urid tinti" miiini ini urot .10 jit ~I in p ol 0c trg
either the rat monoclonal antibody' . YOL 1 :34,. Accun itvpic ill ' v 5 35i MT for cach exp~eri Inieitai pI Jnt 1ý(t
rate Chemicals. Westbury, NY ii Kilniart in et ad- 1.9821 examinend to (Itintiti ' N grantii c- MT, &ýsNokiat ion> In %0 ii
used at 1 500 dilution or a mouse monoclonal antibody and I0 1111 ) Im pldier lenlgil th typially" 35ý' . MT t
against fl--tubulin Calbiocheni, LaJollaý. CA,. diiluted quanitify gi iule MT' zissiiciat ions ~rniled In % ivo
1,1250. Tyrosinated tubulin was detected with either YL Spi. i~fi labetin 1g- of' tiian.e or dci vrosuiaied lu-
112 ýAccurate Chemical,,. Westbury. NY) Kilniartin et bil in was acconipl ~ihed Using Iolvelonal antilibodlo-
al., 1982., diluted 1 500) or an antibodY TYRi antibody! GLI) Of- TYR) to Ident ifV t bulill nIs'otoini cornpo-mlt o
directed against the terminal sequence of' the t vrosi - ofteM rcvrdfromn r~estjog or >t i muLated nIut iii-
nated ux-tubitlin subunit IGundersen et al_, 1984, at phils. Following glutaraldehyde fixation c> dveM'rilwdu
L'7,000 dilution. Detvrosinated tubulin Was detected above, ý;Illplvs were inculbated with the priniar v anti
using an antibody IGLU antibody) raised against the bodies for I hi>- This wa:s folloiwed 1) * ai one hour. iiicklba-
terminal sequence lacking the final tyrosine residue at tion with Protein A- gold anid negat i'% '.taiiiing with
a dilution of 1.;5.000 iGundersen et al., 1984) 1 both anti- 1.t)' uranlV acetate to peramitidentihcat ion of celltilar
peptide antibodies were gifts of D~r. .J.C. Bulinski. Co- components 1 lRothwell et al. 1986i'.
lumibia University. NY), The nitrocellulose papers
were washed in Tris-buffered saline with 0.0,5'1~ Immunofluorescence microscopy
Tween-20 iTTlBS) and incubated with alkaline phos- iIswrpeaedfr(amntonbimnilu-
phatase conjugated goat antirabbit i mm unoglobul in reIscence miroscopyre fi sow emt hi' c Ianges in thein luo
antibody, diluted 1U250. Anti body-antigen complexes tubuclie newrklc1.) tha ocusho uphn actaiget In ofthe iu
were visualized after washing with 7TBS by the addi- tupbulse newrk atidphat occurs i uon atheatiln bytl cntac
tion of 100 mM Tris, pH 9.5 containing 100 mM NaCi. 5 with glass slides. stinmulation and fixation of the cells,MM MgCL, and 6.6 ýil of a stock solution of*,50 mng mlfoanidylbigwtsprOnt- clsnsuennitro blue tetrazolium in 501, dimethyl formamide and fim bd b o a ehre nclsi opnsion IThe cells, ita concentration oft 5 mill on till inl3.3 Ril of a stock solution of'50 mg. ml 5-bromo-4-chloro lIBSS without ('i Mg, were warmied at 37 C fuir 15 mini3-indolyl -phosphate in 1001,, dirnethyl formanmide per in a shaiking \viter bath. EMLF (1 pIt ;laihquots at

ml ofreacton bufer.10 'iM was aidded to I nil samples tI WtO dilution'ý andTubulin bands from the immunoblots were quanti- incubaited fiir I nun. The cells were placed in Osborne,
fied either by laser densitometry IPharmacia-LKB Bi o iulziinbfhrI f MPps.1m (T.5m
technology, Piscataway, NJ) of blots or by analysis of 4t '.60 a ~ ih0'Tio u
images scanned into an Apple Macintosh Ilex computer 2 min (Osborne and Weber 1976d. The cells wecre f ixed
with a Hewlett-Packard Scanjet Ilc and quantified with for 10 mi n after the. addition off'ormaldehyvde to 2', and
the NIH Image (V. 1.44) software package. Values weregltrdhdeoOIiiilcnnraos'ndhn
plotted as the percent of tubulin levels in unstimulated centarifugehd in a.' (f~oina Shnonvn ientifric. andt-e
control cells. cnrfgdi tCNtsi SadnSiniiAt

moor. England, onto glas~s slides The samples were
dehydrated in 20 C MeWiI for 6 min and 20 C Act-

Electron microscopy tone foir I min. Following iubvdration in PBS* for 5 mmi.
In oderto uanifythefreueny o grnul-MT the slides were incubaited with the following antibodies:

Inordleer to qeuatrify avtthes frequenc oferanue-MT~ YL 1 2 (dilution oft 21., rhodamine-anti-rat antibody 15
compexe in neitrphi EM0Cavitatess, sample were exari- ,g ml. Sigma Chemical Co.. St.. Louis. MO'. GLU tubu-

NY, electron microscope and measurements of MT-at - tin B dilto of 1~ 4l. a~ondinger Mannheim, Indiranapols.
tached granules per MT length were made. Samples tIN.y1 i l eorne anemIdaaoi
containing non-taxol stabilized MIT were diluted into M, fator. Iebr hr ie7wing3wah, covenipetweren mounte
117, glutaraldehyde solution to fix MT before adsorption oncubthen saml-oes useing, Vctaieldp wVctre maoratres.
to carbon-coate~d parlodian grids. Samples containing onurhensample CAuosiingnictshid phoVeacthing. tris
taxol-stabilized MT were applied directly to the grids. ulna.C odmns htbecig
and the grids were then stained with 2%4 uranyl acetate RESULTS
and examined by electron microscopy.

In order to assess the effect of tubulin isoform on Levels of tyrosinated vs. detyrosinated tuhulin
granule-microtubule interactions, we used an in vitro in neutrophils
granule-microtubule binding assay tRothwell et al., Activation of human neutrophils with the chemotac-
1989). Isolates of granules were prepared from neutro- tic peptide fMLF has been shown to be associated with
phils disrupted by nitrogen cavitation (Borregarrd et increased tubulin tvrosinaition its measured by the in-
al., 1983) and were incubated with rat brain microtu- corporation (if* 1 C-tvrosine into ui-tubu)litl sub~units of'
bules polymerized from carboxypeptidase A-treated neutrophil microtuhlules through the specific action of
(detyrosinated) tuhulin or native (untreated) tubulin. tubulin ligase (Nath et aL. 1982: Nath and Gallin.
The number of granules interacting Witn microtubules 19861. Our initial studies were directed at determining
was then determined by electron microscopic examnina- the relative levels of tvrosinated vs. dlet ivrosinated to-
tion and expressed quantitatively as the number of bulin in both resting and activated neut-ophils., since
granules/micrometer of microtubule length or as the the previously reported finding of' increased "A'('t-
percentage of granules attached to microtubules per rosine incorporation into tubulin in activated neutro-
total number of granules per EM field. phils (Nath et atl.. 1982) does not. hI' itself. constitute
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VL 1/2 VOL 1/34 TYR GLU

GLU GLU
(+ CPA) (CPA)

Fig. 1. Illustration of the specificities of anti-tubul in antibodies used [or t ' rosinated tubtilirv. and GIL ýIwcif ittr d.4 N r-In~il- t obholn
in this study. A: Phosphoce 11 uiose- purified rat brain tubulin. treated 'rbo figurr ýhows the mirio nuji 11o with thu t utulin Iteri rtogtl/.
with carboxypeptidase A (-i or untreated I , ,was electrophoresed on bY i-ach .intihod.% B: Inirunri lot-i of iitarophil iýxt cao \ wii h fit ý
5-1517( acrylamide gradient gels, transferred to flitrocel lulose and ini without i- )lovpp d ine ratino it I oi.oo'iari, dt thle

munoblotted with the following antibodies: YL 1 2 'specific for tyro- tubule' hand are btsidte each iorrespondinri blot
sinated tubulini. YOL 1 :14 (specific for total tubulini. TYR speJxcific

clear evidence that the relative levels of tyrosinated 1(Gundersen et al_ 1984). wvas increased, especially in
and detyrosinated tubulin are changed in these cells neutrophil extracts. In contrast. the am ~iint oltuhulin
with activation. This phenomenon could reflect simply that could be recognized by ant ihodi,.' specific fhr tv-
an increase in the turnover of tubulin isoiforms as op- rosinated tuhulin sumbunits was dini~tished. Immuno-
posed to a change in the absolute amounts of tyrosi- blots showing increases in det 'vro t.tated tubulin in en-
nated tubulin. zyme-treated extracts allowe,' as to estimate the

Quantitative estimates of detyrosinated vs. tyrosi- fraction of tubulin subunits 1:tat possessed a terminal
nated tubulin present in resting neutrophils were made tyrosine residue accessible to enzymatic cleavage by
by immunoiblotting neutrophil extracts with anti-tubu- carboxypeptidase uillustrnted in Figure 113). while irn-
lin antibodies that recognize different antigenic munoblots using an antituhulin antibody' that recog-
epitopes of tubulin. The reactivities of anti-tubulin an- nizes only tvrosinaltsl( tubulin tTYR anitibodyl (Gun-
tibodies used in these studies are illustrated in Figure dersen et al., 1984 ;illowed us to determine the extent
1, Both the GLU (Fig. I B)and the TYR (Fig. 2) antibod- to which tubuli- in the extracts was det 'yrosinated b 'y
ies recognize a lower molecular weight band in samples carboxvpeptid.ose treatment. Conditions of' enzyme
prepared from neutrophil extracts. Immunoblots were treatment ,hich eliminated all delectable ty* rosinafed
performed on neutrophil extracts that had either been tubulin , i preparations of' purified rat brain tubulin
treated with carboxypeptidase A, to remove the termi- were fou'nd to detyro'sinate approximately 75, of' t he
nal tyrosine from tyrosinated tubulin subunits in the tyrosinated tubulin present in the human neutrophil
extracts, or left untreated. The tubulin present in un- extracts. When estimate s of' the ratio of' lvrosinaled
treated extracts represented a mixture of tyrosinated letyrosinated tubulmn were then calculated from densi-
and detyrosinated tubulin, while almost all the tubulin tometer scans of'the ,L U imniunoblots alter correction
in treated extracts was detyrosinated. As a convs.-- for the percentage oftyrosinated tubulin Ithat remained
quence of carboxypeptidase treatment the amount of' after carboxypeptidase treatmlent. we flound that the
tubulin in extracts that could be recognized by the GLU percentage of total tubulin in resting human neutr"o-
antibody, which binds specifically to the GEEEGEE phils that was tYrosinated was on average about 7W1;
carboxy terminal sequence of detyrosinal -:1 o-tubulin compared to 46f' of the fubtinn in rat brain extracts.
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A

Cs 15s 30s 60s

B
699.00 567,00

426,00 485.00
1421.00 7.0 195.00

0 sec 15 sec 30 sec 60 sec
Fig- 2. Changes in the levels oftyrosinated tubulm in neutrnphis stimulated with f.%ILF Neutrophils
were stimulated with 10 ;M fMLF for 5. 30. 60. 90 and 120 sec. and then sonicated and prepared ftr
SDS-PAGE. Following electrophoresis. the sample. were transferred to nitrovelluloase paper and blotted
with the TYR antibody which recognizes tyrosinated tubuln (A). Tuhuhn hands A,,r(, quantified Using
the computer software NIH Image on scanned images (H).

Changes in the levels of tyrosinated and
detyrosinated tubulin in human neutrophils

following activation
In order to determine whether the absolute amounts

of tyrosinated and detyrosinated tubulin in human 150
neutrophils change following activation, we used the
immunoblot approach to measure the levels of these
tubulin isoforms in neutrophils at various times follow- 0
ing activation by fMLF. For these studies, we used not -
only the GLU and TYR antibodies, but also the rat
monoclonal antibodies, YL12. which recognizes the ty- 0 100
rosinated form of tubulin, and YOL 1/34 (Breitling and
Little, 1986; Kilmartin et at., 19821, which recognizes
both tyrosinated and detyrosinated tubulin subunits.
As shown in Figure 1, YL 1/2 failed to detect carbox- O
ypeptidare-treated, detyrosinated tubulin, while YOL 0
1/34 detected both tyrosinated and detyrosinated forms n

of the protein.
Changes in the levels of tyrosinated tubulin in neu-

trophils following fMLF stimulation, as detected by im-
munoblotting with either the TYR or the YLI'2 anti-
body, are illustrated in Figure 2A,B (TYR antibody) 0
and are shown quantitatively in Figure 3 IYL1i2 anti- 0 30 60
body). As is illustrated in these figures. the levels of
tyrosinated tubulin declined rapidly during the first 15 Time (sec)
sec following stimulation, but returned to control levels
within 60-90 sec and, in most cases, exceeded these Fig 3 Changes in the le•els of tvr,,,-iiatd ;ad tlýal twindin In

levels by 120 sec. In contrast, the total amount oftubu- neutrophils slimulated with f.%II,F "Neurophil- w,,r sttnfithlutd in

lin, as determined by blotting with the antitubulin an- 10 ;M fMILF and prepared lfor immonuhlots as in Figuir, 2 usin• YI
tibody YOL 1/34, remained relatively unchanged (Fig. 1 2 iltvrosiriated lubulin specificl and YO)I. I 34I t,,ofl itiuJn anti-

tbodies Tibuhiin handIs wire, quantil'ied by la•ser densil)toitr• [titilt.
3). In separate, but comparable studies using the (GLU of' one representat ive expr-inent out of' ive rp)lcahh i.tud iirs me
antibody (illustrated in Figure 4), we found that the sh(wn 0, tyrosnatedtohuli.,total taholin
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Time after

stimulation 0 15 30 120

(sec)

Tubulln levels

(% control 100 158 66 26

levels)
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Fig. 4. Changes in the levels ot'detyrosinated tubuhn in human neautrophils following t"%ILF ýttl m .-
tion. Human neutrophils were stimulated with 10 ;M tILF, and at the time paints indicated the (:ells
were disrupted by sonication and prepared for SDS-PAGE. leAvels Ml deteyrosinated tuhahn were deter-
mined by immunoblotting with GLU antitubuln ant ih)d,, and quantified by Laser densitowreorv

levels of detyrosinated tubulin detected by this anti- were observed in neutrophils following activation, we
body increased rapidly after stimulation with fMLF questioned whether these changes reflected the ap-
and then declined with the same kinetics that were pearance and disappearance of microtubules composed
observed for the rapid, inverse changes in tyrosinated entirely of one or the other tubulin isoform. or whether
tubulin levels shown in Figures 2 and 3. these changes reflected the generation of isoform-spe-

Changes in the levels of tyrosinated tubulin incorpo- cific domains within intact microtubules. as has been
rated into neutrophil microtubules could also be de- observed in the axons of sVmpathic neurons by Baas
tected using immunofluorescence microscopy. Neutro- and Black (1990). When resting and activated neutro-
phils in suspension were stimuiated with fMLF and phils were disrupted by nitrogen cavitation and the
then treated with formaldehydeiglutaraldehyde fixa- microtubules in the cavitates were then labeled with
tive to avoid activation through contact of the cells with immunogold conjugates containing the GLU and TYR
the glass coverslip. While examination of non-stimu- tubulin antibodies and examined by electron micros-
lated neutrophils double-labeled with antibodies copy, we found no evidence of either microdomains of
against the two tubulin isoforms revealed distinct mi- different tubulin isoforms or a mixed population of
crotubules arrays labeled with the YLI/2 antibody (Fig. microtubules composed solely of' a single tubulin type
5A), microtubules could not be observed labeled with (Fig. 6).
the GLU antibody (Fig. 5B(. However, ir cells fixed I Although no isoform-specific microtubules or micro-
min after the addition of fMLF, microtubules labeled tubule domains, were observed in resting or activated
with the GLU antibody were discernible lFig. 5D). At neutrophils, we did observe changes in the degree of
the same time, microtubules labeled with YL1U2 anti- uniformly distributed labeling by the two antibodies at
body were still observed (Fig. 5C). In contrast, cells different time points following fMLF stimulation of the
allowed to adhere to the coverslips prior to fixation and cells, which were consistent with the results of immu-
staining showed clear microtubule networks labeled noblot studies described above. The amount of tyrosi-
with the YL1/2 antibody (Fig. 5E). No GLU-labeled nated and detyrosinated tubulin in microtubules recov-
microtubules were observed in adherent cells, even at ered from these cells was estimated by counting
high antibody concentrations (1:50 dilution of serum). immunogold particles micrometer microtubule length.

The ratio of tyrosinated(detyr-osinated tubu lin labeling
The distribution of tubulin isoforns s in decreased from a value of 1. 14 in resting cell., to a value

miarotubules recovered from resting and of l.t) at 30 sec after IMILF stimulation and then recov-
activated neutrophils ered to a value of 1.4, at 120 sec after stimulation. The

Given the substantial changes in the relative magnitude of tubulin isoform shif'ts mea.sured 1v this
amounts of tyrosinated and detyrosinated tubulin that approach was not as; great as that detected with imntmu-
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Fig. 5. C~hanges in the to hi Iin I soforr content ul rwul rophiI rnicrotul- parted 16-muino u-cet lcosIpinouillkfithvll
hules asi detemcted by immrun of']uor'v.ence m'licrosco'py. Noti-t inn I a I vd I n E and F %k(. r. Imwm% d to iinmmifmi .m I ihIm I .ý\v I - I eh, I, 1,tm 1"1
Cells (A.,1m,EF) and MLF-Anrmuhttvd ciriI, (CI)) were preparedmfl ham in F Mimi. am tmlh!,Ii Aai, Imni Ke "memi Impi mi K im
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(;AX mmntl-tubulin antiuds AS Yx:L*;tI 2 anmtmmmif" Immwmhnis lHlIF lxiv m. mmmmrmmtmmitm' p, litmel Itir pt
Microtuhulims Imihit-d i mth ( IE. mint tibdy UetI in ABC. -. er pre-



sured using tnicrotubult,'s that conttai~nedit a txtore of'

tuhul in. we (itund t hat sigitafauant lv higher numibers, of
granules bound to MiCrOt 111)11 h 's astiintIled fromn comn-
pletely' (etyrosinatedl t ubui ii than to m icrottuhul( thatl
cot t~fidfed t vrosirhlted t UbulIt: 9_2 vs. 6.2 granules

S rbound per 1001 jm oftnicrotuibule polYmner l~able I )(oi
59 vs. 44'.; of'granules EMI field bound to mnicrotubules

- nImean values fromt 5 separate exlpertrnentsi

DISCULSSIO)N

* *In studies described in this- report we have tnvesU-l
gated ch~anges in the biochemical composition of the
microtubule network associated with t uhulin t vrosi na-
tion and detvrosination. and we have e.xplored thle posý-
sibilitv that changes in the rela-t ive proportions, of tubu-
fin isoforms in microtubules might modulate the
interactions of' granules with microt ubo les. Evidence
that neutrophil activation is associated with stimnu-
lated tubulin tvrosination was, first reported by Nath (,t

SJ at. I 1982ý. Using an immunoblot approach we first de-
* termined the proportion of' tyrosinated and detvrosi-

* ~~~ ~ ~ - nated tubulin in neutrohl n fudta the maJor-
itv of' tubulin in resting neutrophils possessesIea

4 tyrosine at the carboxy eterminus of the nx-subunit. The
tubulin (s-subunit is n'ormallyv s vnthesized with at ty-

- rosine on the C-terminus t Lewis et al.. 1985: Pratt and
Cleveland. 1988: Pratt et it]., 1987): however, this tv-

Fig, 6. Microtuhules recovered from neutrophils stimulated with rosine can be removed by the act ivity ol tubulin carbo'x-
tO 7M IMLF show no evid, nce of tubulin i~sotyvpe domitins. After stim1-
ulation, neutrophils were sonicated and diluted into V¼ glutaralde- ypeptidase, an exopeptidase whicht works prefleren-
hyde. Sample-s were incubated with TYR IAH) or GLIJ (C) antihoie,di'. tially on the microtubule polymer i~eltramo et aL..
followed by protein A-gold incubation and then stained with uranvyl 1987: Beltramo et al.. 1989 I. Tyrosine canl then be
acetate negative. Bar: 90 nm. added hack t~hrougyh activitv of tubulin tyrosine ligase.

an enzyme that works preferentially on mo(nomeric tu-
bulin subunits ( Barra et aL., 1987: Beltramo et al..

noblots of neutrophil extracts and this difference likely 1.987. 1989: Raybin and Flavin, 1977a)- Newly polvy-
reflects saturation of labeling at relatively low concen- merized microtubules usutally have a high proportion of
trations of one tubulin isoform or the other. tvrosinated tubulin (Webster et al.. 19S7: Wehland and

Weber, 19871, and this can either he due to the incorpo-
Effects of changes in levels of tyrosinated ration of~newlv synthesized tubulin subtunits or because

tubullin on granule-microtubule interactions pre-existing Subunits were tyrost na ted bY the I igiise

To investigate the effects of changes in the proportion before polymerization. Conversely, as microtubules age
of tyrosinated to detyrosinated tubulin on neutrophil within an indlividual cell, the proportion of' detYrosi-
granule-microtubule interactions, we used an in vitro nated tubulin ma 'y increase due to the activityi of the
granule-microtubule binding assay which we have re- carhox~ypepttdase tWarn et al., 1990: Webster et alt..
ported previously iRothwell et al., 1989). Isolates of' 1990 1.
granules were prepared from neutrophils disrupted by Levels of tYrosinated tubulin var' wvidely tn diifferent
nitrogen cavitation tBorregarrd et al.. 198:3 and were cell types. In our stud~ies, we fouind that 60-80't of'the
incubated with rat brain microtubules polymerized total tubulin in resting neutrophils is in the tyrosinated
from carboxypeptidase A-treated (detyrosinatedi tuhu- form. (Chapin and Bulinski have shown th'at greater
lin or native ( untreated) tubulin. The number of gran- than 8()',' of' the tuhulin found in Ilela cells is t~yrost-
ules interacting with microtubules was then deter- nated (Chapin and IBulinski. 19911. C'hinese hamster
mined by electron microscopic examination (illustrated ovary cells have also been shown to have rehlatively
in Fig. 7) and expressed quantitatively' as the number high' levels of'tYrosinated tUbUlmnl unle'ss the cells areo.
of granule~srmicrometer of microtubule length or ats the treated with the drug taxol. at microtuibule-stabilizing
percentage of' granules attached to microtubules per agent 'Schiffet il.. 1979: Schilf and Horowitz, I 9801. to
total number of granules per EM field. As discussed form sfable mictotttbules that presurnablY canl then be
above, untreated rat brain tubulin obtained by cycles of acted upon by' tuhbulin vatiboxvypeptidase I Vvehlanid and
assembly and phosphocellulose exchange chromatogra- Weber. I 987). (On the other band, more diff~rtntiated.
phy contains a mixture of' tyinosinated and detYrosi- rtondividing ce'lls. such as neutrons and 1.6 miuscle cells
nated tubul in in approximately equal proportions. with stable miicrot ithule arrays, have'( been foutnd to
When granule-microtubule interactions were inca- have relatively hi gn proportitons of~detvtosilnatod tubu-
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Fig. 7. (kanule-microtubule interactions are incea sed in the presence of microtuliules contaiioing
detvrosinated tubulin. Microtubules polymerized from untreated PC-purified rat brain tubulin (A) ort
carbox)ypeptidase-treated tubulin (B) were i ncuhaled with neutrophi I granule preparations. Granule-
microtuhule interactions were then assessed by electron microscopy as described in Material, and Mleth-
ods nit. microtubules: g, granules. Bar: 0.2.5 ýtni.

TABLE 1. Effects of tubulin tyro.,ination on In our studies we found the stimulus-responsive tu-
microtubule-granule interactions' bulin dety rosi nation tvrosi nation activity induced by

Granules 100) Vm mt Giranules 100 Vrn mit the chemotactic peptide fMLF to be more rapid and
Experiment tlyr tubuiin2  

detvr tubhulii complex than was apparent in the earlier studies of
I : 3. 9 Nath et al. 11982). Following stimulation of neutrophils
2 8109ý with fMLF, the level of tyrosinated tubulin declined
3 7.4 9,8 rapidly to below 50%ý of initial levels within 15-30) see.

46.9 . This decline in tyrosinatei tubulin was then reversed
Mean -SFM 6.2 -L' ~ 9.2 (0A by a subsequent rise in the level of tyrosinated tubulin

that attained or exceeded the pre-stimulation level by' 2
inautnp,l oiyiiotgs ns, mincruhated withrn;rib~~plre~~dfo ~t(Im min following activation. These changes in levels of'

~Rs P thuinwuotratd mm crhmvpptdie tmrmn~rehemrmmnmtI oo rnftyrosinated tubulin were found to occur so rapidly' that
,-taihulin iyr. tahulin poo~l still ctnmmanmomz tYrmosinmtmd tuhuliwm dt-tne. timiolimi tro we questioned whether the tubul in tyrosi ne I igase was
to renovi. tyroimn I

Sigifianty dffeentfro decrmio~tcd~mmpeop ei.capable of retyrosinating tubulin subunits so quickly.
However. calculations. based on a turnover number for
the tubulin ligase of' 1) tubulin subunits~sec tRavhin
and Flavin. 1977a),:3,700 molecules of ligase cell iWeb-

fin (Gundersen et al., 19891. Moreover, increased levels ster et al., 1987?, and an estimate of 40 microtubules of'
ofdetyrosinated tubulin coincident with terminal cellu- 10-ý±m length (6.7 x1.0" dimers) per neutrophil (Sch-
lar differentiation have been reported by Warn et al. in liwaet al., 1982) indicated that. the retvrosination could
their studies of the developing Drosophila embryo be accomplished in as little as 1S sec. 1-lowvever. there
(Warn et al., 1990). are factors other tharn the efficiencyv and turnover rate

Our finding that human neutrophils posses" high of tubulin iigase to lbe considered. Since the fprelerred
levels of tyrosinated tubulin contrasts with the general substrate for the ligase is the tUbulin Subunit rather
finding of an increased proportion of detyrosinated tu- the tubulin dimer incorporated into at microtubule. this
bulin in differentiated, nondividing cells. However, the suggests that the neutrophil microtuhules must he
neutrophil has a highly dynamic microtubule network detyrosinated by the carboxypeptidlase and then olepti-
that rapidly responds to extracellular stimuli with in- Ily merized to subunits before retyrosination o~cctur". It
creases in polymer number and mass (Anderson et. al., wats first thought that pol 'ymers formed from the det ' -
1982). Moreover, the neutrophil is a motile cell which rosinated isoform were more stable thant microtuhbules
undergoes extreme shape changes in association with polymerized fromi t ' rosinateci tuhulin (Webst4er et al..
rapid changes in the microtubule network and other 1987): therefore, these microtuhbules would depolymer-
cytoskeletal elements. izu- more slowlY than microtubules composed ot tyrosi-
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nated tubutin. This would insert a slow'.,t-iii~n titoce ilt
t his egOn iii the I ot iro mob ltie h kinewir

step at a critical point in the reaction pathway. Hlow- and dv nei n binlding during Ih u enzvIi Itc wck', f ei
ever, more recent Studies by Webster et all. l 99(O) have mtolecular motors,.~ (hit i ding".'SO ol ipild cla:-III tol-
clarified these observations and have shown that there [Aul VrOSIriat ion dlet vrois fiat Ion1 inl a Ian notrio
is no significant difference in stability between micro- phi Is. toge ther wi~th Changesý in mii totutiu!je grantile

tubules composed det 'vrosinated and tYrosinated t ubu- interact ionls that wevre associati d with) chiiligf.'s ril thlt
0 ln as assessed by iminunotluorescence microscopy. C, deg-ree rf tubulin tvrosilnationl Oet osi natiton Inl the fill-

the two tubulin isofornis are approximately equlivalent crOt uhule network. Indicate ;lil rieuti ophil ionav piro-
in their depolymerizat ion rates, then the rates- of'rapid vidle a use-ful experimental s ~' steol with which to examl-

0 shortening of' mictotubules 12-17 I.Lm~nioin observed fine the Of'lctS of' Ithublin t,,(risinat ron on kinesmin and
by Cassimeri in monocytes (Cassimeri. 1986) and in dvnein ATPase activation,
newt lung cells ICassimeri, 1988) would be consistent
with the time scale for the events observed in our exper- AC KNOWLED)GMENTlS
iments although microtubule depolvmerization could The, author'S Wish to thank Dri' .Jeannette (, Bulinski
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neutrophil1 ; at various times following stimulation. We silrpsn, l. I, 1 198' 0(.1 ing oi' 'uo~Iot'it rld ei
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creased when microtubules were composed entirely of' oftchicti o'r vttlric~vti'u Miit Cott Itiochivl'tcr 47. .5G1*i'
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